Several epidemiological studies have linked sleep duration with falls; however, the findings yielded inconsistent results. No quantitative analysis has specifically assessed the influence of sleep duration on falls. PubMed and Embase were screened for observational studies from inception to 13 September 2016. A generic inverse-variance method was used to pool the outcome data for sleep duration categories of the lowest category versus reference, and the highest category versus reference with a randomeffects model. Dose-response analysis was performed to evaluate the potential relationship of sleep duration with falls. Finally, seven eligible observational studies involving a total of 212 829 participants were included in the present meta-analysis. Compared with the reference category, both short and long sleep duration were significantly associated with falls, and the pooled odds ratios (95% confidence intervals) were 1.32 (1.21, 1.46) and 1.35 (1.17, 1.56), respectively, both with evidence of significant heterogeneity. An approximately 'U-shaped' curve was observed, and the lowest risk of falls was shown at 7-8 h day À1 of sleep duration. Further subgroup analysis found that the association of long sleep duration and falls was more pronounced among Caucasians. The present study is limited to its small number of included studies, considerable heterogeneity, observational study design and the large contribution of a single article. Further researches are still needed to confirm the causal association between sleep duration and falls in populations with different gender, age and ethnicity.
SUMMARY
Several epidemiological studies have linked sleep duration with falls; however, the findings yielded inconsistent results. No quantitative analysis has specifically assessed the influence of sleep duration on falls. PubMed and Embase were screened for observational studies from inception to 13 September 2016. A generic inverse-variance method was used to pool the outcome data for sleep duration categories of the lowest category versus reference, and the highest category versus reference with a randomeffects model. Dose-response analysis was performed to evaluate the potential relationship of sleep duration with falls. Finally, seven eligible observational studies involving a total of 212 829 participants were included in the present meta-analysis. Compared with the reference category, both short and long sleep duration were significantly associated with falls, and the pooled odds ratios (95% confidence intervals) were 1.32 (1.21, 1.46) and 1.35 (1.17, 1.56), respectively, both with evidence of significant heterogeneity. An approximately 'U-shaped' curve was observed, and the lowest risk of falls was shown at 7-8 h day À1 of sleep duration. Further subgroup analysis found that the association of long sleep duration and falls was more pronounced among Caucasians. The present study is limited to its small number of included studies, considerable heterogeneity, observational study design and the large contribution of a single article. Further researches are still needed to confirm the causal association between sleep duration and falls in populations with different gender, age and ethnicity.
IN TROD UCTI ON
Falls are regarded as critical public health problems, especially in elderly individuals with poor physical abilities. It is estimated that about one-third of elderly people fall every year (Kannus et al., 2005) . Injuries resulting from falls represent one of the leading causes of fracture, pain, disability, functional impairment and even death (Kannus et al., 2005) . Therefore, it is important to identify the relevant factors, especially the modifiable factors associated with falls.
Sleep behaviour takes about one-third of the lifetime. Sufficient sleep duration is important for maintaining physical and psychological health. Previous studies have linked excessive sleep or sleep deprivation with several adverse health events, such as type II diabetes, some cancers, and all-cause mortality (Aurora et al., 2016; Ferrie et al., 2015; Strand et al., 2016; Zhang et al., 2013) . According to a review by Ancoli-Israel et al. (2008) , sleep disorders were linked with worsened attention, memory problems and difficulty with concentration, and all of these factors were associated with falls. Therefore, it could be hypothesized that both short and long sleep duration were associated with falls. In fact, several epidemiological studies have linked sleep duration with falls; however, the findings yielded inconsistent results (Helbig et al., 2013; Kim et al., 2016; Kuo et al., 2010; Mesas et al., 2011; Stone et al., 2006) . Kim et al. (2016) reported a significant 'U-shaped' association between sleep duration and falls in an adult population. In contrast, other studies demonstrated that only long sleep duration (Helbig et al., 2013; Mesas et al., 2011; Stone et al., 2006) , or only short sleep duration (Kuo et al., 2010) was associated with falls.
To the best of our knowledge, no quantitative analysis has specifically assessed the influence of sleep duration on falls. Furthermore, it is still uncertain whether different categories of sleep duration have different impacts on falls. Therefore, we performed a systematic review and meta-analysis of observational studies to summarize the evidence on the association. Furthermore, we attempted to establish the possible dose-response patterns of sleep duration on falls.
MATERI ALS AND METHODS

Literature search
The present study was performed according to the guidelines of meta-analysis of observational studies (Stroup et al., 2000) . Both PubMed and Embase databases were searched from inception to 13 September 2016 for published articles relevant to sleep duration and falls with no language restriction. Search terms included 'sleep' and 'fall*' without restriction. Additionally, we manually searched the reference lists of relevant reviews and original articles to identify more potential eligible articles. The article involving the largest number of participants was included in the analysis when multiple publications from the same study were identified.
Selection criteria and data extraction
Two investigators independently performed the initial search process. Duplicate records were deleted, and the titles and abstracts of all articles were screened. Two authors independently identified articles as exclusions or further estimations. Disagreements were resolved by consensus.
The selection criteria were listed as below: (1) original studies reported data relevant to sleep duration (in h or min) and falls by using hazard ratios (HRs), relative risks (RRs) or odds ratios (ORs) and the corresponding 95% confidence intervals (CIs); (2) study participants aged = 18 years; (3) fall was defined as 'an unintentional change in position resulting in coming to rest at a lower level or on the ground (Kellogg International Work Group, 1987) '. Studies reporting that subjects experienced at least one fall according to the above definition during the follow-up period were included in the present meta-analysis, regardless of the location where falls occurred. For example, falls happening inside or outside the door, happening during walking were all included in the analysis.
Two authors independently performed the data extraction. We extracted the following data from each eligible article: the first author, the published year, study design, race, age, gender and number of participants, number of cases, pattern of exposure, method of exposure and outcome measurements, type of outcome, adjusted covariates, the adjusted ORs, RRs or HRs with the corresponding 95% CIs of falls for each category of sleep duration (the largest number of adjusted confounders).
Quality assessment
We used the guidelines of Methodological Evaluation of Observational Research (observational studies of risk factors of chronic diseases; Shamliyan et al., 2011) and the quality assessment tool of observational cohort and cross-sectional studies (National Heart Lung and Blood Institute, 2014) to evaluate the quality of eligible articles. Five domains were assessed for each article, including the design bias (0-3 points), selection bias (0-4 points), information bias (0-5 points), confounding (0-3 points) and analysis bias (0-2 points). The scale scored from 0 points to a possible maximum of 17 points. Higher score indicated a higher study quality. Disagreements regarding the quality scores were resolved through consensus.
Definition of short and long sleep duration
The definitions of short and long sleep duration differed between studies. According to the definition of the individual study, we defined the reference category as 7, 5-8, 6-8 or 7-8 h in different studies (Table 1 ). For studies that used multiple short sleep duration categories, we selected the shortest category of the individual study (=6, =5, <5 or <4 h) for quantifying the effect of short sleep. The same applied to long sleep, =8, =9, =10 or =11 h were used in different studies.
Statistical analysis
Stata, version 12.0 (StataCorp LP, College Station, Texas, USA) and the Review Manager, version 5.2 (The Nordic Cochrane Centre, Copenhagen, Denmark) were used to perform the statistical analyses. ORs (95% CIs) were used to measure the effect sizes for articles that reported the outcome data of falls. A two-sided P-value of <0.05 was considered statistically significant. Data from eligible articles were categorized into three levels of sleep duration: the lowest category; reference category; and the highest category. A generic inverse-variance random-effects method was used to pool the outcome data for sleep duration categories of the lowest versus reference, and the highest versus reference. Because 7-8 h of sleep per night is generally considered sufficient for adults, we repeat the analysis by using 8 h as the reference group in two included studies (Akahane et al., 2016; Kim et al., 2016) . We used the Q-test and I 2 statistic to evaluate the between-study heterogeneity; I 2 statistics of >50% was judged as statistically significant. Subgroup analysis was performed based on the following pre-specified characteristics: type of falls (fall = 1 time, =2 times in the previous year); race (Asian, Caucasian); gender (male, female or both sexes); age group (19-years, 65-years); study design (cross-sectional, cohort); and pattern of sleep duration (24-h, nighttime). Heterogeneity between subgroups was evaluated by meta-regression analysis, and a P-value of less than 0.10 indicated a significant result. Sensitivity analysis was used to assess the influence of a single article on the overall pooled results by omitting one article at every turn. Publication bias was estimated ª 2017 European Sleep Research Society through Begg and Egger's tests (Begg and Mazumdar, 1994; Egger et al., 1997) . Dose-response analysis was performed to evaluate the potential relationship of sleep duration with falls. The median or mean value was assigned as the corresponding categories of sleep duration that were open. If the number of cases for each category was not available, we used the ORs of sleep duration to obtain an estimate. A generalized least-squares trend estimation model was used to assess the study-specific slopes for log OR across at least three categories of sleep duration (Orsini et al., 2006 (Orsini et al., , 2012 . The dose-response results in the forest plots were shown for every 1-h increment in sleep duration. A fixed-effect four-knot restricted cubic spline model was used to explore the potential non-linearity hypothesis of the association.
RESULTS
Study identification and selection
A detailed flow diagram of articles included in the present systematic review and meta-analysis was presented in Fig. 1 . A total of 891 articles was identified through the initial database research (Pubmed: 521 articles and Embase: 370 articles). Then, 765 articles were included for further assessment after duplicated articles were removed. Of the 765 studies, 745 articles were excluded by reading the title and the abstract of each article, and the 20 full-text articles were further assessed for eligibility. Finally, six cross-sectional studies and one cohort study were included in the present study (Akahane et al., 2016; Helbig et al., 2013; Kim et al., *1 = age; 2 = sex; 3 = educational level; 4 = leisure time; 5 = physical activity; 6 = multi-morbidity; 7 = any eye disease; 8 = depression and/or anxiety; 9 = any neurological disease; 10 = psychotropic or antihypertensive medication; 11 = risk for malnutrition; 12 = disability; 13 = hearing impairment; 14 = dizziness; 15 = vigorous exercise days; 16 = moderate exercise days; 17 = income level; 18 = smoking; 19 = drinking; 20 = body mass index; 21 = stress level; 22 = hypertension; 23 = diabetes; 24 = hyperlipidaemia; 25 = stroke; 26 = angina or myocardial infarction; 27 = arthritis; 28 = asthma; 29 = living alone or not; 30 = chronic lung disease; 31 = depressive symptom; 32 = central obesity; 33 = use of medications; 34 = low extremity function summary score and Mini-Mental State Examination score; 35 = size of municipality; 36 = social ties; 37 = perceived health; 38 = SF-36 physical summary; 39 = SF-36 mental summary; 40 = limitation in instrumental activities of daily living; 41 = urine loss; 42 = cancer; 43 = dementia; 44 = Parkinson's disease; 45 = osteoporosis; 46 = snoring; 47 = nocturia; 48 = hip fracture or prosthesis; 49 = visual impairment; 50 = walking device; 51 = knee pain; 52 = sleeping pill consumption; 53 = difficulty falling asleep; 54 = frequent awakening during the night; 55 = early awakening; 56 = unrested in the morning; 57 = daytime sleepiness; 58 = cognitive impairment; 59 = oestrogen use; 60 = benzodiazepine use.
ª 2017 European Sleep Research Society 2016; Kuo et al., 2010; Latimer Hill et al., 2007; Mesas et al., 2011; Stone et al., 2006) . Table 1 shows the characteristics of the included articles. The published year of these articles ranged from 2006 to 2016. Three of the included articles were conducted among Caucasians (Latimer Hill et al., 2007; Mesas et al., 2011; Stone et al., 2006) , and the other four studies were performed in Asia (Japanese, Korean and Taiwanese; Akahane et al., 2016; Helbig et al., 2013; Kim et al., 2016; Kuo et al., 2010) . All articles included both male and female participants (Akahane et al., 2016; Helbig et al., 2013; Kim et al., 2016; Kuo et al., 2010; Latimer Hill et al., 2007; Mesas et al., 2011) , except for one article (included only women; Stone et al., 2006) . Five studies included only older people (aged 65 years or above), and the other two studies included participants aged = 30 years (Akahane et al., 2016) or =19 years . The sample size ranged between 150 (Latimer Hill et al., 2007) and 206 382 for a total of 212 829 participants. Both the exposure (sleep duration) and the outcome (falls) variables were assessed by self-report in all of the eligible articles. Sleep duration categories ranged from <4 h to = 11 h per night or per 24-h. Five studies reported the sleep duration of 24-h (Akahane et al., 2016; Helbig et al., 2013; Kim et al., 2016; Mesas et al., 2011; Stone et al., 2006) , and the other two studies reported sleep duration of nighttime (Kuo et al., 2010; Latimer Hill et al., 2007) . The outcome of four articles based on a history of fall = 1 time in the previous year (Akahane et al., 2016; Helbig et al., 2013; Kuo et al., 2010; Latimer Hill et al., 2007) , and two articles reported both a history of fall = 1 time and = 2 times in the previous year Mesas et al., 2011) . The sole cohort study reported the incident fall of = 2 times in the first year (Stone et al., 2006) . All included studies adjusted for sociodemographical characteristics of the participants, except for one study (Latimer Hill et al., 2007) . Some studies also adjusted for life behaviour (Helbig et al., 2013; Kim et al., 2016; Kuo et al., 2010; Mesas et al., 2011; Stone et al., 2006) , history of diseases (Helbig et al., 2013; Kim et al., 2016; Kuo et al., 2010; Mesas et al., 2011; Stone et al., 2006) and usage of medications (Kuo et al., 2010; Stone et al., 2006) .
Study characteristics
Quality assessment
The result of the quality assessment was shown in Supplementary Table S1 . The quality score ranged between 10 and 14. The most common deficit of the study quality was the information bias. All included studies measured the exposure of sleep duration and the outcome of falls by self-reported measures. Four studies did not provide information of eligibility criteria (Akahane et al., 2016; Helbig et al., 2013; Kuo et al., 2010; Mesas et al., 2011) . One study did not adjust the potential confounders (Latimer Hill et al., 2007) , and one study only adjusted for the role of two confounding variables (Akahane et al., 2016) . The withdraw rate of the sole cohort study was less than 20%. Figure 2 shows the random-effects forest plot for the association between categories of short sleep duration (the lowest category versus reference) and falls. Short sleep duration was significantly associated with falls in all 10 comparatives, and the pooled OR (95% CI) was 1.32 (1.21, 1.46), with an evidence of significant heterogeneity (I 2 = 45%, P = 0.06). In the subgroup analysis by the times of fall, the pooled ORs (95% CIs) of sleep duration were 1.32 (1.26, 1.38) for = 1 time and 1.24 (0.94, 1.63) for = 2 times of fall in the previous year.
Sleep duration and falls
In the sensitivity analysis, exclusion of any single comparative in every turn did not significantly alter the combined result, and the pooled ORs (95% CIs) ranged between 1.26 (1.06, 1.50) and 1.35 (1.23, 1.48); however, excluding the study by Kim et al. (excluded two comparatives) affected the results, and the pooled OR (95% CI) was 1.12 (0.93, 1.35).
As shown in Fig. S1a , no publication bias was found among the 10 comparatives (Egger's test, P = 0.826; Begg's test, P = 0.152). Figure 3 presents the forest plot for the association between long sleep duration (the highest category versus reference) and the falls. Long sleep duration was significantly associated with falls in the random-effects meta-analysis of the 10 comparatives, and the pooled OR (95% CI) was 1.35 (1.17, 1.56), with an evidence of significant heterogeneity shown for the association between long sleep duration and = 2 times of fall, and the pooled OR (95% CI) was 1.52 (1.23, 1.88). Sensitivity analysis showed that further exclusion of any single comparative did not significantly alter the overall result, and the ORs (95% CIs) ranged from 1.34 (1.06, 1.68) to 1.35 (1.07, 1.71); however, excluding the study by Kim et al. significantly altered the overall result, and the association was only significant in the subgroup of falling = 2 times [1.86 (1.12, 3.08)] . No publication bias was observed among the comparatives (Egger's test, P = 0.945; Begg's test, P = 0.858; Fig. S1b) . We repeated the analysis by using 8 h as the reference group (Figs S2 and S3) , and the results were similar to Figs 2 and 3.
Subgroup meta-analysis
As shown in Supplementary Table S2 , stratified analyses by race, gender, age, study design and pattern of sleep duration did not significantly affect the associations between short sleep duration and falls (P-value for difference > 0.1 for each group). Subgroup analysis by race significantly affected the association between long sleep duration and falls, and the pooled ORs (95% CIs) were 1.23 (1.04, 1.45) for Asians and 1.69 (1.36, 2.08) for Caucasian (P-value for difference = 0.087). Figure 4 presents the dose-response analysis of the relationship between categories of sleep duration and falls. All studies with 10 comparatives were included in the analysis. The test for the non-linear association was significant (P for non-linearity <0.001). An approximately 'U-shaped' curve was observed, and the lowest risk of falls was shown at 7-8 h day À1 of sleep duration.
Dose-response analysis
DISCUSSION
The present systematic review and meta-analysis identified seven observational studies involving a total of 212 829 participants. Our pooled analysis showed that compared with the reference category, both short and long sleep duration were significantly associated with falls. Furthermore, an approximately 'U-shaped' dose-response association was shown, and the lowest risk of falls was presented at 7-8 h day À1 of sleep duration. Further subgroup analysis found that the association of long sleep duration and falls was more pronounced among Caucasians. There have been some inconsistent findings about the association between sleep duration and falls. The present study has determined the overall shape of the association through a dose-response analysis. To the best of our ª 2017 European Sleep Research Society knowledge, this is the first systematic review and metaanalysis to investigate the association between sleep duration and falls. Potential mechanisms linking sleep to falls have been given in previous studies. First, Kanda et al. reported that sleep deprivation was associated with cerebral white matter lesions (Kanda et al., 2003) , which has been demonstrated as a strong risk factor of falls in the elderly population (Srikanth et al., 2009) . Second, deprived sleep has been reported to be linked with an elevated tumour necrosis factor alpha level (Patel et al., 2009 ). This elevated level was associated with higher reaction time, memory problems and damaged attention (Ancoli-Israel et al., 2008; Pijnappels et al., 2010) , all of which were risk factors of falls. Third, short sleep duration due to insomnia, sleep fragment and poorer sleep quality could cause poor physical performance, which may also lead to increased risk of falls (Eshkoor et al., 2013; Helbig et al., 2013) . Although there is relatively little evidence, some mechanisms could explain the detrimental impact of excessive sleep duration on falls. It is reported that individuals with longer sleep duration had worse physical function and cognitive function, and both conditions were known to be directly associated with higher frequency of falls (Faubel et al., 2009; Goldman et al., 2007) . As a noncognitive predictor of incident dementia, poor balance is also linked with falls in older adults (Lee et al., 2015; Makizako et al., 2013) .
Previous epidemiological studies stratified by age group observed that both short and long sleep duration were associated with increased risk of falls in person aged 75 years or above (Helbig et al., 2013; Mesas et al., 2011) . However, the lack of a stratified group in most included studies has limited us to observe the association in very old people. Advanced age is a well-known risk factor for fall (Lehtola et al., 2006) . Subgroup analysis showed that the association was more robust among the older people (aged = 65 years), which might partially explain the pronounced association in those elderly people. Kannus et al. (2005) reported that the incidence of falls was higher in the female participants. Differences between men and women of the association were reported in some previous studies; however, the mechanism for the gender-difference in the association is still unknown (Kuo et al., 2010; Mesas et al., 2011) . Mesas et al. (2011) speculated that it might be due to the sex difference in body constitution. The present study did not find a gender-difference in the association, which might be attributed to the few included articles that studied men or women separately. More studies are warranted to investigate the potential gender-and age-differences of the association.
It is worth noting that the investigation by Kim et al. (2016) was much larger than the other included studies, and the exclusion of the study by Kim et al. (2016) significantly altered the overall results, but the association was still significant in the subgroup of falling = 2 times. In the present study, we used both one fall (=1 time of fall) and the recurrent falls (=2 times of fall) to evaluate the association. One fall is more likely to result from some specific conditions, such as hazardous environment and accidental events. Unlike one fall, recurrent falls are more likely to reflect long-term changes in functioning and thus affecting risk of falls. However, because the 'U-shaped' relationship between sleep duration and falls was mostly attributed to the study by Kim et al. (2016) , the present findings should be interpreted cautiously and still needed to be confirmed in the future. In addition, we found that borderline significance was shown between short sleep and recurrent falls. One of the possible explanations is that only three included studies have reported results relevant with recurrent falls; in addition, the borderline significant association was primarily due to the non-significant result after adjusting for co-morbidity and sleep quality in the study by Mesas et al. (2011) . We speculated that the association between short sleep and falls might primarily be attributed to poor sleep quality (Avidan et al., 2005; Teo et al., 2006) . Several studies merit individual mention. The study by Kim et al. (2016) found that the association between sleep duration and falls presented some difference by age. They reported that short sleep duration was less significantly associated with falls in the elderly; on the contrary, short sleep duration was significantly linked with falls in young adults. However, other included studies did not report similar findings because they only targeted elderly people (Helbig et al., 2013; Kuo et al., 2010; Latimer Hill et al., 2007; Mesas et al., 2011; Stone et al., 2006) or did not do the stratified analysis by age (Akahane et al., 2016) . Kim et al. (2016) explained that the differences might be attributed to the age-related changes in sleep patterns, but further studies are still needed to confirm the conclusion and to determine the recommendation of sleep duration for different age groups. Unlike other included studies, the study by Kuo et al. (2010) and Stone et al. (2006) included adjustment for antihypertensive and psychotropic medications. In fact, antihypertensive and psychotropic drugs have ª 2017 European Sleep Research Society been reported to be linked with falls in older people (Wiens et al., 2006; Woolcott et al., 2009) . Kuo et al. (2010) further demonstrated that the association between sleep duration and falls might not be independent of the usage of medications.
The limitations of the present meta-analysis are listed as follows. First, only a small number of articles was relevant to this topic. Second, significant heterogeneity was shown across studies. Thus, we conducted the subgroup analysis to seek the potential source of heterogeneity, and the results showed that difference of race may partly explain the heterogeneity. In addition, various definitions of short or long sleep duration (per night or per 24-h), diverse adjustment factors, different study designs and gender proportions may also attribute to the presence of heterogeneity. Third, some studies assessed the sleep time only at night, while others assessed the sleep time in a 24-h period (nighttime plus daytime sleep). Although napping was not the exposure of our interest, further studies are still needed to differentiate the daytime and nighttime sleep to resolve the controversy of the relationship between daytime sleep and falls (Bryant et al., 2012; Stone et al., 2006) . Fourth, both the exposure and outcome variables relied on self-reported. Although a moderate correlation was reported between self-reported and objectively measured duration of sleep (Lauderdale et al., 2008) , further studies are also warranted to measure these variables in a more accurate way. Fifth, details of the kind of falls and the locations of the falls were poorly reported in all included studies. This limited us to do further analysis to evaluate the effects of sleep duration on different types and locations of falls. Only one included study separately analysed the data according to fall location (indoor or outdoor) and kind of falls (slip or fall) in the subgroup analysis, and there were no significant differences in the two subgroups. Sixth, all included studies adjusted for multiple potential confounding variables; however, the possibility of other unmeasured confounders, such as insomnia, usage of medications, genetic and dietary factors might have affected our findings. Finally, because the majority of the studies included in the present metaanalysis are based on cross-sectional design, the causal relationship between sleep duration and falls cannot be established.
CONCLUSI ON S
In summary, our systematic review and meta-analysis indicated that an approximately 'U-shaped' dose-response association was shown between sleep duration and falls, with the lowest risk at 7-8 h day À1 of sleep duration.
However, the present study is limited to its small number of included studies, considerable heterogeneity, observational study design and the large contribution of a single article. Further researches are still needed to confirm the causal association between sleep duration and falls in populations with different gender, age and ethnicity.
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